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Abstract: The aim of this work is the realization of an "Artificial Arm Pressure" permitting to reproduce oscillometric 
waveforms able to replace expensive clinical trials for validating and testing a Holter blood pressure device. To perform 
this new device a hybrid simulator (numerical/hydraulic) of the left cardiocirculatory network was implemented in order to 
reproduce in different fixed times different oscillometric blood arterial pressure waveforms. The “Artificial Arm Pressure" 
consists of a numerical simulator of the left cardiovascular system, in which it is possible to fix the left atrial pressure 
(preload) and the left arterial pressure (afterload) and of an hydraulic system consisting of a D/A converter, a servo-
amplifier, a D/C motor and a “gear pump”. The numerical simulator allows to vary the heart rate, the time duration of 
systole/diastole and the morphology of the ventricular/aortic pressure waveform in order to reproduce different 
physiopathology cardiovascular diseases. The hybrid simulator can be used to program the type and amount of steps 
you want to perform in 24/48-h to check the correct operation/calibration of the Holter blood pressure device. A Holter 
programmed to acquire data every 15 min has been tested for 24-h on the "Artificial Arm Pressure". The comparison 
between simulated and measured data shown that for systolic (diastolic) blood pressure the percentage of variation was 
in average about ±2.6% (±2.9). In the case of HR, the percentage of variation was in average about ±2.0%. 
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1. INTRODUCTION 
Holter blood pressure is the process in which blood 
pressure is measured at regular intervals over 24 
hours.  
The Holter blood pressure measurement technique 
is an excellent method: 
• to assess the variations in pressure during an 
entire day and night cycle, 
• to monitor the effects of antihypertensive 
therapy, 
• to detect sudden periods of hypotension, and 
• to make necessary alterations in the 
administration of antihypertensive drugs without 
delay. In Italy in many ASL “Azienda Sanitaria 
Locale/Local Health Structure”, hospitals and 
clinics where it is being applied, specific checks 
which would ascertain the correct calibration and 
operation of the Holter blood pressure device 
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 when handed out to a patient are not yet 
foreseen. Usually, a Holter which is returned 
from a patient is subsequently applied to another 
patient.  Since important diagnostic findings and 
therapeutic measures are derived from the 
stored Holter data, it is essential to regularly test 
and calibrate 
Holter blood pressure devices to ensure valid 
measurement data [1]. To fulfil these requirements, we 
have developed a so called “Arm Artificial Pressure” 
(AAP) equipment which allows us to attach and check 
the Holter device for 24 or 48 hours, respectively. 
During this period of time, the Holter is newly calibrated 
and tested for proper functioning. The AAP is based on 
a hybrid numerical/hydraulic approach. We use a 
relatively simple lumped parameter (numerical) 
simulation model of the heart and the arterial part of the 
systemic circulation (we will call it “left cardiovascular 
network”) together with an electro-hydraulic system 
which comprises a D/A converter, a servo-amplifier, a 
DC motor and a “gear pump”.  
For the implementation of the aforementioned 
lumped parameter simulation model of the “left 
cardiovascular network”, we have adopted the software 
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concept of the CARDIOSIM
©
 simulator [2]. Our 
simulation model comprises: 
• a component for the left atrium which allows us 
to arbitrarily determine the pressure (preload), 
• a component for the left ventricle, and 
• a component which represents a simple 
configuration of the systemic arterial tree and 
allows us to specify the afterload [2-4]. 
The numerical simulator allows us to (arbitrarily) 
specify and vary the heart rate, the time duration of 
systole and diastole, and, moreover, to generate those 
ventricular/aortic pressure patterns which are 
characteristic for the pathophysiologal characteristics of 
all the cardiovascular diseases that we must take into 
consideration. The pulsatile (wavelike) flow pattern 
which is calculated by using our simulation model is 
available as a digital signal at an USB port of the 
computer. It is taken as the input of a D/A converter. As 
will described in detail later, the D/A converter is 
connected with a servo amplifier which controls a DC 
motor-driven “gear pump”. In turn, this pump generates 
the calculated wavelike flow pattern within the artificial 
artery of the AAP. The flow pattern within the artificial 
artery determines the pressure pattern. Since we are 
able to consider in our calculations of the flow and 
pressure patterns the specific characteristics of the 
patient’s disease, it is warranted that the calibrations 
procedures and checks of the Holter blood pressure 
device which will be carried out are fully adapted to the 
patient’s requirements. 
2. MATERIALS AND METHODS 
The Arm Artificial Pressure device is based on 
hybrid (numerical/hydraulic) simulator developed at the 
"Telecardiology & Clinical Applications of Numerical 
Modeling of Biological Systems" research unit of the 
National Institute of Cardiovascular Research (INRC). 
The software portion of the AAP hybrid system, derives 
from the cardiovascular numerical simulator 
CARDIOSIM
©
 [2, 3, 5]. This numerical part reproduces 
the left circulatory cardiovascular network by a ventricle 
and a simple systemic arterial section (Figure 1). The 
numerical network is represented by a first-order lum- 
ped-parameter model and it is implemented by Euler’s 
method. The ventricular behavior is reproduced by a 
variable elastance model according to Sagawa’s 
studies [3-5]. The systemic arterial section is simulated 
by a modified windkessel (Rcs, Ls and Cas) with a 
variable peripheral resistance [6, 7]. The entire system 
is able to reproduce the Starling’s law of the heart. 
Figure 2 shows the connection between the 
numerical model and the hydraulic system. The 
simulated systemic arterial flow (Qas) is transmitted by 
USB port to a DC motor and a servo-amplifier that 
drives the gear pump and controls the flow adequately 
(i.e. the speed pump). Gear pump guaranteeing a 
linear relationship between the rotational speed and the 
flow can be used as flow generator [9, 10]. We used a 
gear pump that, at the maximum speed of 1750 rpm, 
yields a flow of about 35 [l·min
-1
] [8]. The DC motor 
used in order to realize the AAP is produced by Maxon. 
It is equipped with a tachometer (Hubner model 
GT5.05L410). The servo-amplifier (Model 
B25A20FACQ; Advanced Motion Controls, Camarillo, 
CA) is used in the AAP system. The electromagnetic 
flow probe (Model 300A; Carolina Medical, King, NC) 
measures the flow rate at the outlet of the pump. A 
silicon vessel incorporating the liquid was fixed to the 
artificial arms made using PVC. The silicon artery was 
connected to gear pump and to a reservoir. 
During one of the first test performed on the AAP, 
every 13 min the numerical simulator sent (for a period 
of 4 min) one different Qas waveform to a DC motor 
and a servo-amplifier. The different Qas waveforms 
were obtained changing in the numerical circulatory 
network the preload, the ventricular elastance (Elv), the 
heart rate (HR), the left ventricular systole/diastole 
(S/D) ratio, the value of the systemic peripheral 
resistance (Ras) and finally the value of systemic 
arterial compliance (Cas). The variations of the 
described parameters were performed using protocol 
implemented in a software way in which through 
different combinations: 
• preload (Pla) changed from 5 to 20 [mmHg] [11].  
• ventricular elastance (Elv) changed from 0.8 to 
3.5 [mmHg/cm
3
] [7]. 
• HR changed from 50 to 240 [beats/min] [11, 12]. 
• S/D ratio changed from 0. 3 to 1.7 duration, in 
particular systolic period duration decreased with 
increasing HR (according linear law) and 
diastolic duration decreased in an exponential 
fashion as HR increased [13, 14]  
• systemic peripheral resistance changed from 
600 to 2500 [g·cm
-4
·sec
-1
] [7, 15]. 
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Figure 1: Electrical analog of the left circulatory network implemented in the cardiovascular simulator CARDIOSIM
©
. This 
network consists of a fixed left atrial pressure (Pla), of the left ventricle and of a modified windkessel with a variable peripheral 
resistance. Qas represents the arterial blood flow that must be reproduced by the hydraulic system into the silicon vessel present 
on the artificial arm. MV and AV represent the mitral and aortic valves. 
 
Figure 2: Representation of AAP hybrid system composed by numerical simulator and hydraulic system. The flow waveform 
(Qas) generated by numerical simulator is reproduced into the silicon artery by a DC motor and a servo-amplifier that drives the 
gear pump and controls the flow. Gear pump guaranteeing a linear relationship between the rotational speed and the flow can be 
used as flow generator. 
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• systemic arterial compliance changed from 0.8 to 
3.5 [cm
3
/mmHg] [7, 15, 16]. 
The values measured and stored (every 15 min, for 
24-h) on the Holter (FDA CE CONTEC Medical 
Systems ABPM50), installed on the AAP, are: the HR, 
the systolic, diastolic and mean pressures. 
3. RESULTS 
Figure 3 shows the simulated arterial blood flow 
waveforms sent to hydraulic section of the AAP during 
the test performed as described in the previous section. 
In the graph we present four different types of wave- 
forms performed setting the HR to 60, 80, 100 and 200 
[beats/min] in the numerical simulator. The table 
reports the HR, systolic, diastolic, and mean pressures 
stored in the Holter. In the last case the HR measured 
is different respect to HR set in the numerical section. 
The results presented in Figure 3 have been obtained 
setting in the numerical section of the AAP: Pla=12 
[mmHg], Ras=1200 [g·cm
-4
·sec
-1
], Cas=1.8 
[cm
3
/mmHg], S/D=0.76 and Elv=3.3 [mmHg/cm
3
]. In 
 
 
Figure 3: The simulated arterial blood flow waveforms sent to hydraulic section of the AAP are plotted in the graphics window. 
The figure presents four different types of waveforms performed setting in the numerical simulator the HR to 60, 80, 100 and 
200 [beats/min] respectively. For each HR value three waveforms are plotted. The table reports the HR
*
 values (first column) set 
into the numerical simulator and the HR (last column), systolic, diastolic, and mean pressures values measured and stored in 
the Holter blood pressure. 
 
 
 
Figure 4: The simulated arterial blood flow waveforms sent to hydraulic section of the AAP are plotted in the graphics window. 
The figure presents four different type of waveforms performed setting in the numerical simulator the peripheral resistance (Ras) 
to 600, 1000, 1800 and 2500 [g·cm
-4
·sec
-1
] respectively. For each Ras value are plotted three waveforms. In the table are 
reported the systolic, diastolic, and mean pressures together with HR values measured and stored in the Holter blood pressure 
device. In all conditions the HR, in the numerical simulator, was set to 80 [beats/min]. 
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these conditions the simulated mean blood flow 
(calculated during a cardiac cycle) was Qas=5.5 [l/min] 
(HR=60), Qas=6.9 [l/min] (HR=80), Qas=8.1 [l/min] 
(HR=100) and Qas=11.0 [l/min] (HR=200). 
Figure 4 reports the simulated arterial blood flow 
waveforms sent to hydraulic section of the AAP when 
the peripheral resistance was set to 600, 1000, 1800 
and 2500 [g·cm
-4
·sec
-1
]. In this way it was possible to 
induce a changing in the afterload of the left circulatory 
network. In the table we report the HR, systolic, 
diastolic, and mean pressures stored in the Holter. The 
results presented in figure have been obtained with the 
following setting in the numerical section of the AAP: 
Pla=12 [mmHg], HR=80 [beats/min], Cas=1.8 [cm
3
/- 
mmHg], S/D=0.76 and Elv=3.3 [mmHg/cm
3
]. In these 
conditions the simulated mean blood flow (calculated 
during a cardiac cycle) was Qas=8.0 [l/min] (Ras=600), 
Qas=7.2 [l/min] (Ras=1000), Qas=6.1 [l/min] 
(Ras=1800) and Qas=5.4 [l/min] (Ras=2500). Also in 
this case for one value of HR imposed in the numerical 
simulator, has been measured a different HR value. 
Figure 5 shows the simulated arterial blood flow 
waveforms sent to hydraulic section of the AAP when 
left ventricular elastance changes from 0.8 to 3.5 
[mmHg/cm
3
]. The results presented in figure have been 
performed setting in the numerical section of the AAP 
in the following way: Pla=12 [mmHg], HR=80 
[beats/min], Cas=2.0 [cm
3
/mmHg], S/D=0.76 and 
Ras=1000 [g·cm
-4
·sec
-1
]. In these conditions the 
simulated mean blood flow was Qas=4.0 [l/min] 
(Elv=0.8), Qas=5.8 [l/min] (Elv=1.5), Qas=7.2 [l/min] 
(Elv=2.5) and Qas=8.1 [l/min] (Elv=3.5). 
The results presented in Figure 6 are obtained 
changing the preload into the circulatory network. In the 
graphics window are plotted the blood flow waveforms 
sent to hydraulic section of the AAP. In the numerical 
simulator the preload (Pla) was set to 5, 10, 15 and 20 
[mmHg]. In this case all experiments are performed 
setting HR=90 [beats/min], Cas=2.5 [cm
3
/mmHg], 
S/D=0.5 and Ras=2500 [g·cm
-4
·sec
-1
]. In these 
conditions the simulated mean blood flow was Qas=5.5 
[l/min] (Pla=5), Qas=6.2 [l/min] (Pla=10), Qas=6.5 
[l/min] (Pla=15) and Qas=6.7 [l/min] (Pla=20). Figure 7 
shows a graphical output of the numerical section of 
the hybrid system obtained setting the parameters as 
described in Figure 6. In Figure 7 the upper graphical 
window shows two left ventricular cardiac cycles 
performed setting Pla=15 mmHg and Pla=5 mmHg. In 
the lower left (right) graphical window are plotted the 
left ventricular volume waveforms (the left ventricular 
pressure (Plv) and the systemic arterial pressure 
(Pas)). The values of the end systolic (diastolic) volume 
Ves (Ved) and of the stroke volume (SV) are obtained 
when Pla=5 [mmHg]. 
 
 
Figure 5: The simulated arterial blood flow waveforms sent to hydraulic section of the AAP are plotted in the graphics window. 
In the numerical simulator the left ventricular elastance (Elv) was set to 0.8, 1.5, 2.5 and 3.5 [mmHg·cm
-3
] respectively. In all 
conditions the HR, in the numerical simulator, was set to 80 [beats/min].  
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Figure 6: The simulated arterial blood flow waveforms sent to hydraulic section when the preload changed from 5 to 20 [mmHg]. 
In all conditions the HR, was set to 90 [beats/min] in the numerical simulator. 
 
 
Figure 7: One of the different graphical output performed by the modular package software CARDIOSIM
©
. The waveforms are 
obtained setting the preload to 5 and to 15 [mmHg]. Starting from Pla=15 [mmHg] and setting Pla to 5 [mmHg], it is possible to 
observe that the left ventricular cardiac loop shifts in the left side, reducing both ventricular end systolic and end diastolic volume 
according to the Starling’s law.  
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Figure 8: Percentage of variation in systolic/diastolic pressure and in HR calculated between simulated and measured data. The 
registrations on Holter blood pressure were performed every 15 min. The percentages of variation presented in all windows were 
performed using 96 (simulated) data. All measurements were performed changing the parameters  as described in material and 
methods section. 
Figure 8 reports the percentage of variation 
calculated on data measured and simulated during an 
experiment in which a Holter blood pressure was tested 
in 24-h. In the upper window the percentage of 
variation between simulated and stored systolic pres- 
sure changes between a maximum and a minimum of 
around ±6.0% with fluctuations in average of around 
±2.6%. In the middle window the percentage of varia- 
tion in diastolic pressure changes between a maximum 
and a minimum of around ±5.0% with fluctuations in 
average of around ±2.9%. Finally, in the lower window 
the percentage of variation in HR changes between a 
maximum of around 2.5% and a minimum of around -
4.0% with fluctuations in average of about ±2.0%. 
The discrepancies observed between simulated and 
measured data depend in part by the characteristics of 
the Holter blood pressure device, as described in the 
instruction manual, and in part by the transmission line 
of the AAP hydraulic circuit.  
4. CONCLUSIONS 
An “Artificial Arm Pressure" hybrid system was 
realized in order to test a Holter blood pressure device 
during 24/48-h. The hybrid system consists of a 
numerical simulator that can reproduce different 
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circulatory conditions and hydraulic system on which is 
installed the Holter device. The whole system is able to 
reproduce the Starling’s law of the heart. 
A Holter programmed to acquire data every 15 min 
has been tested for 24-h on AAP. The comparison 
between simulated and measured data showed that, 
for systolic (diastolic) blood pressure, the percentage of 
variation was in average about ±2.6% (±2.9). In the 
case of HR the percentage of variation was in average 
about ±2.0%.  
In this paper we presented the first prototype of the 
AAP and the produced results are concerning tests 
performed on only one type of Holter. 
The AAP hybrid system described in the paper has 
moderately high costs regarding the components that 
drive the hydraulic section. We believe that these costs 
can be greatly reduced during the industrialization of 
the AAP. The device produced with low costs, could be 
bought directly from ASL "Local Health / Local Health 
Structure", hospital and clinics in order to check the 
correct operation/calibration of a Holter. The presented 
hybrid system is versatile and can be adapted to 
evaluate the correct operation of other devices used to 
monitor blood pressure. 
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